Abstract-This study aims to design a compact two antennas array on a USB dongle for WLAN 5.8 GHz application (IEEE 802.11n). The proposed antenna adopts an Inverted-L antenna (ILA) structure, which can be easily integrated into an industry product. The two antenna elements are closely spaced and the high isolation between them is achieved by using the neutralization technique. Moreover, the impedance matching of both antennas is improved by introducing one vertical stub on the neutralizing line. In this way, both the isolation between the two antennas and the impedance matching of each antenna can be improved simultaneously. The experimental results show that this antenna has wide operation bandwidth (S11<-10 dB) from 5.7 to more than 6 GHz with isolation always better than 10 dB.
I. INTRODUCTION
When designing antenna arrays for an USB dongle, it is a challenging task to improve the isolation between each antenna element as a result of the antennas having to be placed in close proximity. In [1] , a dual band two antennas array was proposed. This antenna consists of an L-shape patch and a via trace connecting the via to the ground. To reach the expected performance, it needs precise fabrication and the experimental result shows that the isolation of this antenna array at 2.4 GHz is less than 9 dB. In [2] , a MIMO antenna array for mobile WiMAX (3.5 GHz) was presented. This antenna has a 3D structure and the high isolation was achieved by using a common T-shaped ground plane. The disadvantages of this antenna array are that it is difficult to fabricate and the size of the ground plane can have a great effect on the radiation performance of the antenna due to the shorting structure. Regarding the design of compact planar antenna arrays for WLAN 5.8 GHz on a USB dongle, research has shown that there are few publications in this area, which is the main motivation behind this work.
Recently, a new method named Neutralization Technique has been proposed [3] . Using this method, the isolation of two Planar Inverted-F Antennas (PIFAs) can be improved through neutralizing the current of two antennas without the need of adding extra space for antenna design. So far, this method has only been applied in the design of PIFA antennas and there are few studies investigating the use of the neutralization technique method. In this work, we further investigate this technique in the design of an Inverted-L antenna (ILA) array.
II. PROPOSED ANTENNA ARRAY
In this study, it is decided to employ an Inverted-L antenna structure due to its ease of integration in the overall product design. Figure 1 shows the structure of a classic ILA. The ILA can be viewed as a bent monopole antenna and the total length of the inverted-L, L 1 + L 2 , needs to be approximately one quarter of wavelength at the resonant frequency of interest. However, the challenge for this work is that the two antennas need to be closely located in a small area of an USB dongle. Generally the available volume for mounting the antennas is around 10 × 17 × 5 mm 3 , as shown in Figure 2 . Table I , where w 1 , ) 978-1-4577-0919-7/12/$26.00 ©2011 IEEEw 2 , and w 3 represent the corresponding width for L 1 , L 2 and L 3 . The proposed antenna antenna is designed on 0.8 mm thick FR4 with permitivity of 4.4 and loss tangent of 0.02. The distance between the two feeding points is 0.15λ 5.8GHz and the gap (d 1 ) between these two antennas is only 0.02λ 5.8GHz , where λ 5.8GHz represents the free space wavelength at 5.8 GHz. This antenna array has two equal ILAs that are located within a small area of the USB dongle. Based on the concept proposed in [3] , a neutralizing line is added between these two antenna elements to improve the isolation. 
As can be seen from Figure 3 , there is one vertical stub (L 3 ) introduced on the middle of the neutralizing line. This is for the purpose of impedance matching. Without this vertical stub, as will be presented in next section, this antenna structure exhibits poor impedance matching at the desired frequency. The low input impedance of the ILA antenna is in fact one of its disadvantages [4] . The typical method employed to solve this problem for a ILA is to short the antenna element to the ground plane and change the feeding position, which in turn increases the input impedance of the antenna. Then the antenna becomes an Inverted-F antenna (IFA), whose input impedance is easier to be matched. However, shorting the antenna to the ground plane will increase the impact of the ground plane size to the radiation performance of the antenna. When connecting the USB dongle to a PC, for example, the equivalent size of the ground plane for the antenna is extended. In this scenario, the antenna may fail to operate at the desired frequency band. Moreover, the isolation between the antennas may also be influenced by shorting them to a common ground plane. Therefore, in this work, we address this limitation without resorting to short the antenna to the ground. Instead, the technique proposed in this study improves the impedance matching of the antenna array by including one vertical stub in the middle of the neutralizing line as described. From the aspect of antenna array, where the isolation between the antennas is of concern, adding this stub has little influence on the isolation between the two antennas as the isolation is mainly controlled by the length, width and position of the horizontal neutralizing line.
III. SIMULATED AND EXPERIMENTAL RESULTS
The fabricated prototype of the proposed antenna array is shown in Figure 4 . Two semi-flexible cables were used to feed port 1 and port 2 of the antenna array. Figure 5 (a) and (b) compares the simulated and measured return loss as well as isolation of the proposed antenna array, respectively. There is some frequency shifts between the simulated and measured return loss at both ports especially for the measured S11. This is mainly due to the fabrication accuracy and soldering of the feeding cable, which results in the asymmetrical response of the two antenna elements. The measurement results suggest that the proposed ILA array has a 10 dB return loss bandwidth from 5.7 to more than 6 GHz, which is more than the specification required for the WLAN 5.8 GHz frequency band of interest (5.725 to 5.875 GHz). This makes the proposed antenna more robust during product integration, such as proximity to other components and within the product enclosure, thus providing some margin against proximity effects which can lead to some frequency shifts. It is also found that the isolation between the two antennas is always better than 10 dB from 5.5 to 6.0 GHz and within the desired WLAN operation band, an isolation of 12 dB or more is obtained. Figure 6 presents the simulated surface current distribution of the proposed antenna array at 5.8 GHz. It can be seen that at the resonant frequency, when one antenna (Port 2 is excited) is resonating, little current flows back to the port of other antenna (Port 1). Instead, the current is concentrated on the radiating antenna itself and the neutralizing line as well as the top section of the second antenna. Figure 7 presents the simulated return loss of the proposed antenna array with and without the vertical stub on the neutralizing line. The improvement of the return loss with the existence of the stub is obvious whilst there is little change on the isolation between the two antennas at the desired frequency band, where the isolation is always higher than 10 dB. Figure 8 compares the simulated and measured radiation patterns of the proposed antenna array at 5.8 GHz. During the measurement, the Port 1 was connected to the network analyzer whilst the Port 2 was connected to a 50 Ohm broadband load. There are some disagreements between the simulated and measured results, which is mainly due to the measurement set up. Comparing to a calibrated antenna, the measured results indicate that the proposed antenna array exhibits a maximum gain around 2.5 dBi at 5.8 GHz. 
IV. MIMO PERFORMANCE ANALYSIS
One important parameter to evaluate the performance of antenna diversity is the antenna correlation coefficient. The expression of the envelope correlation coefficient of a twoantenna array can be derived as [5] :
where
is the field radiation pattern of the antenna system when antenna i is excited. Generally speaking, the lower the value of the envelope correlation coefficient is, the better the diversity of the antenna array. According to [6] , in practical cases the standard of the envelope correlation coefficient for the base station is ρ e <0.7 and for the mobile devices is ρ e <0.5. However, using Equation 1 to calculate the envelope correlation coefficient users need to know the radiation patterns of the antenna and then solve the complicated integration. One simplified solution was proposed in [5] , in which it is found that if the antennas exhibit high radiation efficiency, the envelope correlation coefficient can be approximated by using only the S-parameters instead of computing the radiation pattern of the antenna system:
This method is based on the assumption that the antennas are lossless. This is not true in practical cases since there are always losses associated with one antenna such as conduction loss and antenna mismatch loss. In order to refine the method proposed in [5] , the radiation efficiency has been included in the calculation of the correlation coefficient and by doing this, the uncertainty of the calculated correlation coefficient can be derived [7] :
where η 1 and η 2 are the radiation efficiencies of the two antennas. The MIMO performance of the proposed antenna array is analyzed using the envelope correlation coefficient, which is calculated by using Equation 2 and is plotted in Figure 9 . It can be seen that at the desired frequencies, the antenna array has envelope correlation coefficient less than -40 dB, which is very promising. From simulation results, the radiation efficiency of the proposed antenna array at 5.8 GHz is 91%. Therefore, from Equation 3 the uncertainty of the calculated correlation coefficient can be estimated to be less than 0.1. In this work, a compact Inverted-L antennas array has been designed for a wireless USB dongle for WLAN 5.8 GHz applications. The two antenna elements are closely spaced and the high isolation between them is achieved by utilizing the neutralization technique. This technique has been further extended to provide impedance matching. One vertical stub is added to the neutralizing line, which improves the impedance matching of both antennas whereas the isolation between the antennas is maintained at an acceptable level.
